Abstract-A conductor backed coplanar waveguide (CPW) fed multiband antenna inspired by CSRR MTM is presented. The shorting of ground in CPW feed and conductor backed arrangement extend the area of ground plane. The proposed antenna consists of rectangular monopole with Complementary Split Ring Resonator (CSRR) engraved in the extended ground plane. The prototype antenna is designed, fabricated and measured. CSRR characteristics are also analyzed. Simulated and measured results of the antenna are in good agreement with each other and are discussed. The proposed antenna can be used for WiMAX, WLAN and RADAR applications at 3.4 GHz, 5.16 GHz and 9.5 GHz, respectively.
INTRODUCTION
With the advent of modern gadgets along with wireless interconnectivity and wide range of applications, there has been an embryonic necessity for an antenna to work in multiband. The desire for more compact, lightweight, handy equipment makes the most optimum choice for an antenna as planar antenna. The conventional way of making an antenna with heavy, bigger pole or larger aperture is replaced by planar form in many applications. There are different forms of planar antennas reported in literature for single, dual/multi-band and wideband. Having an antenna that operates at two distinct bands not only reduces space and cost of two single band antenna but also reduces interference when single wideband antenna is used to cover both the bands.
There are different techniques devised to realize multiband antenna. The techniques such as having different lengths of pole [1] [2] [3] [4] , shorting pin [5, 6] , shorting plate [7] , slot [8, 9] , fractal [10] , fractal slot [11] have been used in realizing dual/multi-band or wideband antenna. This paper analyses the role of metamaterial (MTM) in achieving multiband antenna. MTM is a class of artificial material which provides properties that are not readily available in nature [12, 13] . MTM achieves properties from its structural composition rather than from the constituent material. MTM has been used in antenna in a variety of forms to achieve enhanced performance.
MTM was used to realize miniature antenna [14] [15] [16] . Keeping MTM between patch and ground [17] and CSRR loaded ground of microstrip fed antenna [18] results in gain enhancement. A monopole antenna using composite MTM [19] , an array of thin wire [20] , and inclusion of transmission line MTM on patch [21] exhibited broadband response. SRR was loaded in the ground plane of a monopole antenna for achieving broadband impedance matching [22] .
An ultrawideband with notch band has been proposed by including CSRR on microstrip-fed patch of an antenna [23] . An antenna radiation pattern was improved by including dual-ring square-shaped SRR [24] and single/multi-ring rhombus-shaped SRR [25] in ground plane. Zeroth-Order Resonant (ZOR) MTM loaded circular sector antenna exhibited good radiation performance [26] . OCSRRs were included in radiating patch [27] , and OCSRR included patch with modified ground plane [28] was proposed to achieve multiband antenna. ZOR and CSRR loaded antenna exhibited multiband operation [29] . There are many different structures presented in literature for realizing MTM. Among them, the rectangle-shaped two-slot CSRR follows a simple geometry. This paper presents the outcomes of inclusion of CSRR MTM in realizing multiband antenna. The proposed antenna and CSRR on ground follow a straightforward design approach. As the antenna is fed by CPW-feed, the CSRR is engraved on the extended ground plane on the other side of the substrate. This technique achieves an antenna which will result in multiband operation.
ANTENNA STRUCTURE AND DESIGN
The initial design of an antenna is aimed to get one resonance (Step-1). Then the ground plane area is extended by backing conductor on the bottom side of the substrate (Step-2). In the extended ground plane, a rectangular 2-slot CSRR is formed by etching some portion of the conductor (Step-3). The top and bottom sides of the proposed antenna are given in Figure 1 . An FR4 material having dielectric constant 4.4 and loss tangent 0.02 is used as a substrate. FR4 material is chosen for substrate due to its easy availability and cost effectiveness. Thickness of the substrate is 1.6 mm.
The antenna discussed in this paper is a rectangular monopole antenna fed by a 50 Ω coplanar waveguide. The basic design equations are given in [30] [31] [32] . Computer program is written for finding initial dimensions of the proposed antenna. The dimensions are W S = 31 mm, L S = 26.27 mm, W P = 12.6 mm, L P = 13.97 mm, W g = 14.5 mm, L g = 9.8 mm, W f = 1.6 mm, L f = 10.6 mm and g = 0.2 mm. Initially, the rectangular monopole is designed to operate the antenna at 4.7 GHz. Then, the ground area is extended by placing another conductor on the other side of the substrate. Obviously, this arrangement will have effect on current distribution of antenna and slightly alter the resonance characteristics.
In order to further improve the return loss value, CSRR is introduced in the ground plane. CSRR is designed by having dimensions of W c = 8.2 mm, L c = 5.09 mm, outer and inner slot width of 0.8 mm and 0.7 mm, respectively. The distance between the outer and inner slots is 0.3 mm, and slit in the ring is 0.28 mm. The offset position of CSRR from the bottom left corner of the substrate is given as W o = 10.5 mm and L o = 12.01 mm from the left and bottom edges. The relation between medium properties and propagation constant is given in Equation (1) [33] .
From this, it is explicit that if the value of permeability μ or permittivity goes negative, then the propagation constant β becomes imaginary. CSRR provides effective negative value for permittivity [34] [35] [36] . This results in imaginary value for propagation constant which validates the loss due to transmission. Hence, in the regions of negative permittivity, it provides more transmission loss which is evident from Equation (1) . CSRR also has resonance behaviour, it introduces stop band at some frequencies and pass band at other frequencies. The position of CSRR on the backside of the substrate is shown in Figure 1 (b).
RESULTS AND DISCUSSIONS
The return loss (S 11 ) characteristics of all the three antenna configurations discussed in design process from steps 1 to 3 such as a monopole antenna with normal ground, with extended ground and with CSRR engraved in extended ground are shown in Figure 2(a) . It has been observed that the extended area of ground plane not only modifies the return loss characteristics and induces resonance at 5.16 GHz, 6.99 GHz and 9.56 GHz but also necessitates improvement in impedance matching. The inclusion of CSRR in extended ground plane slightly alters the resonance frequencies, induces one more resonance at 3.4 GHz and further improves the return loss. The shift in resonant frequency attributes to the cumulative effect of CSRR and monopole resonances. Further, inclusion of CSRR, improves the impedance matching and impedance bandwidth. The simulation setup of CSRR is given in Figure 3 (a) which depicts the waveguide arrangement to find the transmission loss (S 21 ) and return loss (S 11 ) characteristics of CSRR. The design and excitation details of CSRR are as follows: CSRR is the complementary structure of SRR. Both SRR and CSRR can be compared using duality principle. The CSRR has a metallic portion which is complement (dual) to the metallic portion present in SRR. Both are resonating structures. The design of CSRR is similar to that of SRR with complementary operation. The design equations used in the design of SRR can be used for the design of CSRR. The CSRR exhibits negative permittivity in the same frequency region where SRR exhibits negative permeability. Similarly, the excitation of perfect-E and perfect-H are also in complementary directions as illustrated in Figure 3(a) . The interested readers are directed to [34] [35] [36] for detailed information on CSRR.
Excitation direction and boundary conditions are mentioned in Figure 3 (a). This shows that the perfect-E boundary is specified in Z-plane, perfect-H boundary is assigned in X-plane and excitation is given in Y -plane of the bounding box of CSRR. The return loss (S 11 ) and transmission loss (S 21 ) characteristics of CSRR are given in Figure 3(b) . The transmission loss (S 21 ) of any component denotes the reduction in signal strength while passing through that component. The return loss (S 11 ) denotes the amount of power reflected from the component at its ports. Normally at the resonant frequency of antenna, the return loss should be less than −10 dB and there should not be any transmission loss. The S 21 characteristics of CSRR illustrates stop band from 3.6 GHz to 6.34 GHz and 6.93 GHz to 9.4 GHz. It is evident from Figure 3 (b) that CSRR accounts for resonance at 3.4 GHz and 9.5 GHz and extended ground accounts for resonance at 5.16 GHz with good return loss.
A photograph of the fabricated antenna with connector is shown in Figure 4 . The proposed antenna is connected with Sub-Miniature-A (SMA) connector which has VSWR of 1.08 upto 15 GHz. This connector is chosen because it provides good matching to frequencies upto 15 GHz range. Here, the top side of an antenna along with normal scale and the bottom side an antenna along with an Indian Rs.2 coin for comparative appraisal purpose. The return loss characteristics of designed antenna is found using simulation and is measured using vector network analyser which is displayed in Figure 2 (b). The measured impedance bandwidth are 100 MHz (3.33-3.43 GHz), 240 MHz (5.03-5.27 GHz) and 350 MHz (9.30-9.65 GHz) with resonance frequencies at 3.37 GHz, 5.16 GHz and 9.45 GHz respectively. The potential band observed at 7.03 GHz in simulation is not present with required minimum return loss value in measurement but a small dip is observed at this band. To analyze the reason for this behaviour of an antenna, the surface current distribution on antenna at 7.03 GHz and 9.5 GHz is plotted since both exhibit almost equal amount of return loss in simulation. These are respectively shown in Figure 5 (a) and Figure 5 (b). It can be read from Figure 5 (b) that at 9.5 GHz the more current is observed at outer edges, center of patch and ground whereas in Figure 5 (a), at 7.03 GHz the current distribution is more at crucial places which is limited by fabrication accuracy i.e., edges which are present at the junction near feed, ground and patch. Hence, the reason for non-observance of potential band at 7.03 GHz in measurement may attribute to limitation in fabrication precision at the junction. The far-field radiation patterns of the antenna are measured by keeping an antenna inside an anechoic chamber having 8-m distance between transmitting and receiving antennas. This is carried out at two different resonating frequencies namely 3.4 GHz and 5.1 GHz for 360 • rotation of receiving antenna at two different angles of phi(90 • and 0 • ) respectively for E-plane and H-plane measurements. These are shown in Figure 6 and Figure 7 . As well as, the simulated far-field E-plane and H-plane patterns are shown in Figure 8 . These depict that the far-field pattern is good and impersonates the behaviour of the intended dipole antenna pattern. The gain at various resonating frequencies is plotted in Figure 9 as red line. The minimum gain of the antenna is measured as 3.5 dBi in the frequencies of operation. The radiation efficiency denotes the percentage of power radiated when compared to input power to the antenna. This is plotted in Figure 9 as blue line.
The proposed antenna resonates at 3.4 GHz, 5.16 GHz and 9.5 GHz frequencies. The comparison to existing literature cannot be accurately made because the same set of frequency bands are not reported. Hence, the area requirement of patch is calculated using Equations (2) to (4) frequency and presented in Table 1 .
where r , reff , c, f r , λ and h respectively denote relative permittivity of substrate, effective relative permittivity, velocity of light in free space, resonating frequency, free space wavelength and height of the substrate. W and L respectively denote width and length of the patch. From this, it can be inferred that the total patch area requirement for three single band antenna is 854.1 mm 2 whereas the proposed antenna patch occupies only 176.02 mm 2 . Hence, compactness is achieved by using the technique of inclusion of CSRR at the backside of CPW fed antenna.
CONCLUSIONS
A multiband antenna using CSRR MTM has been presented. This is achieved by including CSRR MTM in the extended area of ground plane of CPW-feed. The transmission and return loss characteristics of CSRR are also plotted to validate the multiband operation of designed antenna. The antenna prototype has been fabricated and measured. The measured impedance bandwidth testifies that the designed antenna covers WiMAX, WLAN and RADAR applications at 3.4 GHz, 5.16 GHz and 9.5 GHz respectively. Good far-field patterns have been observed for the entire bands of operation.
